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ABSTRACT 

TRIGA-type reactors are the most widely used low power research reactors with 
power levels up to 3 MW. Although TRIGA reactors are considered inherently safe, 
due to their unique features such as prompt negative temperature coefficient and low-
power density, the reactor core still contains a respectable amount of activity which 
could lead under very adverse circumstances to radiation exposure both of staff 
members and of public. Such circumstances could be external events, accidents during 
fuel element manipulation or a loss of coolant water with exposure of the core. 
Therefore, it was decided to look more closely to various accident pathways and to 
calculate their probability, if possible. A major drawback is the lack of statistical 
material because no centralized registration of failures is carried out. Therefore, in 
many cases values from other research reactor types or even from power reactor 
statistics had to be used, thus increasing the uncertainty of the results. As most 
undesired event or TOP-event in this analysis a radiation exposure of staff members, 
the public or both together was selected and the probabilities of different pathways 
leading to this exposure was calculated. In the present case "radiation exposure" are 
dose rates or activity concentration above the international accepted limits for 
occupational staff or public. 

1. INTRODUCTION 

The TRIGA Mark-II reactor Vienna achieved its first criticality on March 7th, 1962 
and is in operation since that time without major undesired interruption about 220 
days a year. It has a maximum continuous power output of 250 kW and may also be 
operated in the transient mode with a peak power level of 250 MW. As the fuel 
consumption is rather low at this power level, the core still contains 54 aluminum clad 
fuel elements from the first criticality as well as 18 stainless steel clao fuel elements, 
either with 20% enrichment or with 70% enrichment (FLIP-elements). Therefore, the 
core is considered as a mixed core with the stainless steel elements concentrated in the 
two center core rings (B- and C-ring), while the Al-clad elements occupy the outer 
core positions. For technical details of the TRIGA reactor Vienna see Appendix 1. 

The reactor is heavily used for neutron and solid state physics experiments (utilizing 
three beam tubes, one thermal column and one neutron radiography facility), as well 
as for radiochemistry and neutron activation analysis, (one beam tube and in-core 
position). Details of the reactor utilization has been published elsewhere / ! / , but it has 
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to be mentioned that experimental work around the reactor or in the reactor tank 
poses an additional non-negligible risk in view of reactor accidents. 

The intention of this work is to identify, as an example for a TRIGA reactor, the 
various ways of possible and hypothetical accident sequences using the system 
characteristics of the TRIGA reactor Vienna. As mentioned before, the undesired top 
event is the radiation exposure of persons above international accepted limits. Each 
accident sequence which finally leads to this top event involves a different amount of 
radioactivity which has to be identified. Compared with a complete risk analysis like 
WASH-1400, a similar classification of release categories is not possible however, 
"consequence categories" were introduced to distinguish among different failure event 
sequences. 

2. METHODS AND ASSUMPTIONS 

First of all, the external limit which confines the reactor system has to be defined. 
Within the scope of the constructed Master Logic Diagram (MLD), the external limit is 
defined by the reactor hall which includes in this case also the ventilation system, 
primary cooling system and equivalent boundaries. Radiological accidents which are 
associated with the handling of radioactive products out of the above defined area (i.e. 
radiochemistry laboratories) are not taken into consideration. The group of persons 
who would eventually be exposed to radiation is divided into two subgroups called 
internal (facility staff) and external (public) persons. Both gioups can be exposed as a 
consequence of accidents which result from the logic of the MLD-scheme and the 
therein included initiating and primary fault events. The exposure level depends on the 
amount of radioactivity released. To set an international limit, it was decided that the 
whole body dose limits for occupational staff and public are taken as recommended by 
ICRP. 

For this study, the usual PSA methods as i.e. discussed in /2 / were applied. However, 
because of the special aspects of a research reactor instead of an event tree analysis 
many individual fault trees to be combined in an MLD-scheme were used. Failure of 
components to be assumed in the fault trees were always taken as complete failures. 
Even if the component could still partly perform its function, it was considered as a 
complete failure. Failure rates were always assumed to be constant quantities in time. 
Each fault tree event is marked with a consecutive number to denominate possible 
common events in a standardized way. For the Boolean logic statements describing the 
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fault trees the symbol E ; is used for the event number i. The symbol Aj stands for 
the events in the MLD. Due to lack of data some cases only can be analyzed 
qualitatively. 

3. FORM OF PRESENTATION 

In this chapter the form of both the qualitative and quantitative presentation of this 
study is explained. 

3.1 Qualitative Analysis 

- graphical representation of the fault tree 
- list of events in the fault trees corresponding to the Ej codes 
- list of minimal cut sets (MCS): they are either accomplished by hand or in more 

complicated cases calculated with the computer code ORCHARD / 3 / 
- Boolean logic expression for the fault trees: the disjunction of all MCS gives the 

Boolean expression for the fault tree, which is shown with that "degree of resolving" 
necessary for later quantification. 

3.2 Quantitative Analysis 

- List of used data bases: The data sources which were used in this study are given 
in /8-16/. The "best estimate" mean value is derived by using a simple 
geometrical averaging technique /17/. In case of several different data available, it 
was tried to use data from TRIGA reactors, if available. 

- List of data: each basic event of the fault tree is stated in this list together with its 
probabilistic value. P(Ej) denotes the probability, F(Ej) the frequency of event Ej. In 
the present study frequencies are given in units "per year" [a" ' ] , probabilities in 
units "per demand" [d 'H. At each particular point value the error factor is also 
given. 

- Quantitative value of the top event: the point value of the frequency for the top 
event of the fault trees is designated by F(Aj). Only the fault tree A 4 has a 
probability value for its top event with the corresponding symbol P(A4). If the 



TABLE !: TABLE OF USED SYMBOLS 

rectangle fault event; it is usually the 
result of the logical combina
tion of other events 

O circle 

diamond 

independent 
event 

primary fault 

fault event not fully developed 
as to its causes; it is only an 
assumed primary fault event 

f+\ OR gate the union operation of 
events, i.e. the output 
event occurs if one or more 
of the inputs occur 

Ä AND gate 

3 INHIBIT gate 

triangle-in 

A- triangle-out 

the intersection operation of 
evens, i.e. the output event 
occurs if and only if all the 
inputs occur 

output exists when X exists 
and condition A is present; 
this gate functions somewhat 
like an AND gate and is used 
for a secondary fault event X 

triangle symbols provide a tool 
to avoid repeating sections of 
a fault tree, or to transfer the 
tree construction from one 
sheet to the next. The 
triangle-in appears at the 
bottom of a tree and 
represents that branch of the 
tree (in this case "A") shown 
someplace else. 

appears at the top of a tree 
and denotes that the tree "A" 
is a subtree to one shown 
someplace else. 
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probabilistic value for the top event is calculated by hand ("rare event approxima
tion") it is indicated by the symbol "REA" behind the point value. If REA was not 
possible (i.e. in the case that at least one occurring probability equals 0.1 or less) 
then the computer code ORCHARD /3/ was used and this is symbolized by "ORC. 

- Relative importance of the minimal cut sets: the relative importance (RI) of each 
MSC "Mj" with the probability Qj of the fault tree is given to trace the dominant 
MSC. This is important for carrying out a sensitivity analysis later l\lI. That MSC's 
which together have an RI of about 90% are taken into account within thj 
sensitivity analysis and are symbolized by xxMixx. 
A quick way to estimate the RI of the MSC is provided in /17/. The different 
MSC of a fault tree are ranked according to thei«- probabilistic value Qj for each 
MSC in the following way: 

RI = (Qj)/(E Qj) 

- Calculation of the propagation of uncertainty: the following values are calculated by 
the computer code SAMPLE: 

<> the median value for the failure tree 
<> the first and second moment of the distribution 
<> the "upper bound" value of a 90% confidence interval 

The rounded-off ratio of the upper bound- and the median point value results in 
<> the "error factor" (EF) for the top event. 

- Sensitivity analysis: all events that are contained in the xxMixx are provided with a 
probability value that exceeds the corresponding "upper values" (= median value 
multiplied by the error factor) of the events by a factor of 10. From those values, 
SAMPLE /20/ calculates a new median value ("sensitivity median"). 

4. FAULT TREE ANALYSIS OF THE TRIGA REACTOR VIENNA 

4.1 The Master Logic Diagram (MLD) (Figure 1) 

Assumed top event Aj is the "radiation exposure of persons" (occupational and/or 

public): 



FIGURE I: MASTER LOGIC DIAGRAM 
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The shaded events together with conditional event A 4 are considered as important 
events and are treated in further detail in this study. 
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LIST OF EVENTS IN THE MLD SCHEME 

A | radiation exposure of persons (public and occupational) 
A2 radiation exposure of public 
A3 radiation exposure of facility staff 
A^ fault in ventilation system of the reactor building 
Aj, A5' radiation inside the reactor building due to release of activation products 
A^ radiation inside the reactor building 
A 7 massive release of fission products from fuel elements 
Ag release of activity from other sources 
A9 disturbances in reactivity 
A JO fault of fuel element transfer cask 
A j | direct gamma exposure from reactor pool 
Aj2 direct gamma exposure from other sources 
Aj j release of activity from experiments 
A]4 release of ion exchange resin 
A [J release of activity products through loss of coolant 
Ajg loss of primary coolant from reactor tank including experimental facilities 
A j 7 loss of primary coolant by failure of primary circuit components other than tank 
Ajg loss of primary coolant due to faults of the reactor tank itself 
A ig loss of primary coolant through faults of beam tube 

4.2 A4 - Fault in the Ventilation System of the Reactor building (Figure 2) 

The complementary event to A4 (which is the failure of the ventilation system) is A4, 
(being the proper function of the ventilation system) can be defined by the following 
statement: 

"In case of activity dispersion in the reactor building due to the 
release of activation or fission products, the operator has to initiate 
the emergency ventilation to ensure underpressure in the reactor 
hall." 

As long as underpressure is maintained in the reactor building, the air is conducted 
through the two ventilation channels and a set of filters to the outside environment. 
On its way, the air passes two types of off-gas monitors, GM-counters for gaseous 
activities and aerosols monitors in each of the two ventilation channels. This allows to 
verify the discharged activities. Without underpressure, air may leak out from the 
reactor building through different pathways uncontrolled. 

This condition can be shown in a simple "reliability block diagram" (RBD) which leads 
either to a failure or a success of the whole sequence (Figure 3). The symbol "R" in 
this diagram corresponds to the "reliability" of one unit indicating that the systems 
perform its specified function under given conditions for a prescribed time. 
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FIGURE 3: RELIABILITY BLOCK DIAGRAM (RBD) 

Event 1 Event 

^ R to t = R l R 2 

The symbols in Figure 3 denote: 
Rl probability that the underpressure in the reactor building is maintained also 

during emergency ventilation 
R2 probabiiity that all filters in the two ventilation channels are in good 

condition, working properly and are not by-passed 
R t o t the overall probability that there will be no failure in the ventilation system 

in case of emergency 

The ventilation of the reactor building can be modeled in the simplified flow chart 
(FIGURE 4): 

I Ph 

reactor building 

c Ch 

I inlet air for the reactor building with the following possible values 

Ph 

12.000 m 3/h (normal ventilation) 
I 2 = 0 nr /h (emergency case) 

inlet air for the control room with possible values 
Cj = 1500 m 3 /h (normal ventilation) 
C2 = 0 m 3/h (emergency case) 

outlet air physics channel with possible values 

1 8800 nrVh (normal operation) 
3200 m 3 /h (emergency ventilation) 
0 m 3 /h (turn off) 
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Ch outlet air chemistry channel with possible values 
Cj = 9400 m3/h (normal operation) 
C2 = 3700 m J/h (emergency ventilation) 
c 3 = 0 m J/h (turn off) 

To maintain underpressure in the reactor building, the following condition is necessary: 

I + C < Ph + Ch 

If the beam tube ventilation system purging the cavities around the reactor core 
especially from Ar-41 is included in the fault tree analysis of the ventilation system, 
the above simple RDB expands to the following scheme (Figure 5): 

S u c c a a s ' 
(S ) J 

1 

^ 4 
F a i l u r a l 

(F ) 

<V> 

HRA 
(S) 

it) 

T 

event 
combinations 

event I 

in 
fi? 

all Ph- and Ch-
filters ok 

I (5-) 
I 
t W 

event 2 

I 
1 I 

<H> / S-filters > ^ ^ 

<Y> 

failure of c 
ventilation system 2 

(*T 
no failure of 

ventilation system 

This graph can be explained as follows: 

event 1: underpressure is maintained in the reactor hall 
Ej: symbolizes the function of instruments which control the ventilation system 

Sj: success of Ê  means that at least one of the instruments (rare gas 
monitor, aerosol monitor, area monitor) works properly 

HRA: stands for "human reliability analysis" and takes possible human errors in 
initiating emergency ventilation into account 

event combination: here that combination of fault events are analyzed which could 
prevent the maintenance of under pressure in the reactor building after the 
operator has correctly initiated the emergency ventilation. 
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event 2: function of the filter system 
Event 2 indicates success if all filters in the two ventilation systems are 
installed and work properly, 

beam tube ventilation: there are two subdivisions in the RDB which treat its function. 
The first one involves the correct turn-off of the beam tube ventilation, 
while the second subdivision concerns the beam tube filter function. 

Comparing the logical structure of the RDB it can be seen that the Boolean 
expression for the MLD event A 4 (= "fault in the ventilation system") is given by 

F E = (Fj) + (F) + (P) + (F") + (F v ) 

Although it is not possible to treat the qualitative and quantitative analysis for top 
event A4 in full detail within this report, the following quantitative results are of 
interest: 
- The probability per demand that in case of emergency no correct ventilation occurs 

is calculated to P(A4> = 3.89x10"' per demand or that for approximately 2.5 
demands there is one fault. 

- A special analysis of the influence of human errors to the failure probability of A4 
was performed and the quantitative assessment of the "minimal cut sets" showed that 
the contribution of human error to P(A4) is approximately 87%. This high fraction 
of human inadequacy resulted in the fact that the complex ventilation system of the 
Vienna TRIGA reactor building was secured through several interlocks to prevent 
overpressurization of the reactor building. For example, when emergency ventilation 
is switched on the main air inlet is switched off automatically. 

4.3 A7 - Massive Release of Fission Products from Fuel Elements (Figure 6) 

Quantitative values for some relevant events in A7: The fault tree A7 was split into 
four main branches due to the possible locations of fuel elements, which is either 
- in the reactor core 
- in tank storage racks 
- in fuel storage pits 
- during manipulation, transfer etc. 
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FIGURE 6: A 7 - Release of fission products from fuel elements 
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A 7 - RELEASE OF FISSION PRODUCTS FROM FUEL ELEMENTS 

A JO fault of fuel element transfer cask 

21 release of fission products from the reactor tank 
22 release of fission products during transport 
23 release of fission products from fuel storage pits 
24 release of fission products from core 
25 release of fission products from fuel element storage racks in the tank 
26 damage of the stored fuel elements by mechanical causes 
27 damage of the stored fuel elements by c'emical causes 
28 mechanical damage of the fuel elements 
29 chemical damage of the fuel elements 
30 thermal damage to the fuel elements by excess fuel temperature and consecutive 

release of fission products 
31 accidents during experiments or during fuel loading 
32 debris of the reactor building falling into the tank 
33 chemical reactions due to experiments (Cu, Hg) 
34 corrosion products in the primary coolant 
35 excess fuel temperature above specified limits (the trigger temperature for an 

RSA8 and an RSA9-SCRAM is 375 °C, respectively) 
36 fuel element manipulation due to experiments (explosion, implosion) 
37 fuel element manipulation due to changes in reactor core configuration 
38 fuel element manipulation to measure fuel element elongation and bowing 
39 explosion (sabotage); EXTERNAL EVENT 
40 aircrash; EXTERNAL EVENT 
41 seismic event; EXTERNAL EVENT 
42 corrosion of reactor components 
43 core totally or partly uncovered (i.e. by plastic foil, glass plate) 
44 bad positioning of fuel elements in the core 
45 corrosive chemicals in primary coolant due to experiments 
46 instruments for surveillance of water chemistry not calibrated (conductivity, 

pH-value) 
47 instruments for surveillance of water chemistry are indicating properly, but 

operator does not react or misinterprets (human error) 
48 mechanical damage of fuel elements during transfer from core to storage racks in 

the tank 
49 accidents during experiments effecting the stored fuel elements 
50 corrosion of the stored spent fuel element in the storage pits 
51 inadequate surveillance of the water chemistry (human error) 
52 corrosive chemicals in the water of fuel storage pits 
53 normal corrosion of the stored fuel elements in the storage pits 
54 RSA11 -SCRAM (manual SCRAM) is failing resp. is not initiated 
55 RSA8 resp. RSA9-SCRAM (automatical SCRAM) fails 



14 

The frequencies per year for some specific events were assessed and the foilowing 
results were obtained: 

F(22) = 5.61xl0 - 7 a" 
F(24) . 1.86xl0"4 a" 
F(25) = 5.35xl0"5 a" 
F(26) = 4.87xl0~5 a -

F(27) = 3.33xl(T8 a" 

release of fission products 
- during transport 
- from the core 
- from storage rack 
- from storage pits (mechanical causes) 
- from storage pits (chemical causes) 

It should be emphasized that the above values are based on the assumption of massive 
fission product release (i.e. in excess of the maximum permissible whole body dose) as 
consequence of the particular top event. 

4.4 A9 - Reactivity Disturbances (Figure 7) 
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EXPLANATION TO FIGURE 7 

30 thermal damage of the fuel elements with consecutive hydrogen migration 
39 explosion (sabotage); EXTERNAL EVENT 
40 aircrash; EXTERNAL EVENT 
41 seismic event; EXTERNAL EVENT 
70 experiments with strong feedback of reactivity to the reactor (i.e. rapid 

introduction of absorbers, fissionable material) 
71 change in core configuration 
72 reactivity feedback to the reactor due to failure of reactor components (infiltration 

of water into the rotary specimen rack, beam tubes, flooding oe the ion chamber 
housing) 

Taking the Vienna TRIGA Mark-II reactor as an example for a typical low power 
TRIGA (250 kW), the maximum excess reactivity is licensed to be 2.1% 6k/k, the 
total minimum control rod worth has to be 4.2% 6k/k. Even on the assumption that 
the most effective control rod (= shim rod) does not contribute to the reactor shut
down, there is still a negative backup reactivity of 2.1% 5k/k for safe shut-down. 
Further, an analysis of the reactivity contributions of various reactor components show 
that no component can produce a positive reactivity insertion above the maximum 
excess reactivity of 2.1% 6k/k. General Atomic has acquired experience with more 
than 10.000 reactivity insertions even above 2.1% 8k/k and never detected any 
reactivity induced damages to reactor components /4,5/. 

The rapid insertion of excess reactivity by removal of the transient rod from the 
critical reactor below 1 kW power is an entirely routine process which is kept under 
control by the inherent safety features of U-Zr-H fuel and its prompt negative 
temperature coefficient. Therefore, the reactivity transient event is not f'irther 
considered in the fault tree. Pulsing the reactor from a high power level which is only 
possible if a considerable amount of additional fuel is loaded and several interlocks are 
bridged intentionally will not result in a core damage. In fact, the peak fuel 
temperature will even be smaller compared to pulsing from a low power level due to 
the increase of the negative temperature coefficient at elevated temperatures. 

The most serious event which contributes to AQ is the coincidence of rapid reactivity 
insertion and loss of coolant accident. The calculations by GA indicate that under 
these unlikely event a cladding rupture of the fuel element with the highest power 
density may occur. In spite of lack of adequate data it was tried to assess the 
frequency of the event: 

F(coincidence of reactivity transient with I.OCA) « 9.78xl0"9 a"1. 
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4.5 AjQ - Failure of Fuel Element Transfer Cask (Figure 8) 

(74) (75) (76) (EX) 

EXPLANATION TO FIGURE 8 

73 fault of the safety lock of the transfer cask 
74 fault of the crane construction 
75 fault of the suspensions (chains) of the transfer cask 
76 drop of fuel element transfer cask due to human error 
39 explosion (sabotage); EXTERNAL EVENT 
41 seismic event; EXTERNAL EVENT 

A quantitative assessment to the top event AJQ resulted in 
F(A 1 0) = 5.61xl0"7 a"1. 



6 Ajj - Direct Gamma Exposure from the Reactor Pool (Figure 9) 
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EXPLANATION TO FIGURE 9 

Ajg loss of primary coolant due to faults of the reactor tank 
77 uncovering of the core from coolant with intact tank and intact concrete shielding 
78 accidents during experiments which concern the biological shield (tank water) 
Aj9 loss of primary coolant through faults of beam tube 
79 loss of coolant until core is uncovered without SCRAM 
80 SCRAM fails 
81 loss of coolant to level "very low" 
82 loss of coolant to level "low" 
83 optical alarm for level "low" fails 
84 operator pays no attention to alarm (human error) 
85 siphoning of coolant through primary coolant pipes 
86 siphoning of coolant by other ways 
87 pipe of experiment or auxiliary equipment (aerosol collector) falls into the tank 
88 PVC-foil drifts on the tank surface and plugs the siphon preventing safety holes 
89 leakage in the primary circuit is not noticed 
90 removal o*" coolant by suction due to experiments 
91 human error of the operator (error of omission) 
92 failing of the leakage alarm 
93 optical alarm (sump pump is in operation more than I.S min) fails 
94 accoustic alarm (sump pump is in operation more than 1.5 min) fails 
A j -j loss of primary coolant by failure of primary circuit components other than tank 
56 operator does not initiate manual SCRAM (human error) 

An interesting result from this analysis is the relative importance of the various 
"minimal cut sets" of this fault tree which was calculated with the ORCHARD code. 

Mi E147 
M 2 E78 
M 3 A19 
M. A18 
M„ E83 . E87 . E80 
M, E83 . E90 . E80 
NU EB3 . E93 . E94 . A17 . E88 
M„ E83 . E91 . A17 . E88 . E80 
M„ E84 . E87 . E80 
M,o E84 . E90 . E80 
M M E84 . E93 . E94 . A17 . E88 
M I 2 E84 . E91 . A17 . . E88 . E80 
Ml3 E56 . E87 . . E80 
M i * E56 . E90 . E80 
Mi -> E56 . F..93 . E94 . A17 . E88 
Mi e E56 . EJ1 . A17 , . E88 . E80 

ERO 

E80 

E80 
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To estimate the relative importance of the MSC a ranking is carried out following the 
probability ratios: 

Qi 
RI = 15 

I Qi 
i=l 

where Qj probability of minimal cut set "i" 
n 
£ Qj ... probability of all MCS (= the system failure probability) 

i=l 

The individual data for ihe different events were 

Ereignis 
code 

A 1 7 

A l 8 
A l 9 
56 
78 
80 
83 
84 
87 
88 
90 
91 
93 
94 

147 

P ( E t ) F(Et> 
( d " 1 ) ( a ' 1 ) 

3 .34E-02 (3 ) 
1 .31E-05 (10)» 
7 .15E-05 UO)» 

1. 00E-01 (1)» 
0. O0E--00 

6 . 35E-04 (3)* 
4 .V3E-02 <3>» 
8 .50E-01 (1)» 

1. . 10E-03 
1 .43E-04 <D* 

0 OOE--00 
8 .50E-04 (1)* 
4 .13E-02 (3)» 
s .80E-03 (3)» 

2 OOE--09 

( 3 ) 

( ! ) • 

From these values the relative importance of the MCS "i" is determined 

n 
I Qj = 8.53xlO"5 a - 1 

i=l 



2o 

RI 

L 2 . 3 4 E - 0 5 
2 0 . O 0 E - 0 0 

« • 3 » » 0 . 8 4 
• • 4 * * 0 . 1 5 

5 3 . 3 8 E - 0 4 
6 O.OOE-00 
7 2 . 9 1 E - 1 0 
8 1 . 2 4 E - 0 9 
9 6 . 9 6 E - 0 3 

10 O.OOE-00 
11 5 . 9 9 E - 0 9 
12 2 . 5 7 E - 0 8 
13 8 . 2 0 E - 0 4 
14 O.OOE-00 
15 7 . 0 5 E - 1 0 
16 3 . 0 2 E - 0 9 

The most important contribution to the top event frequency A j | does not origin from 
a failure of the reactor safety system or operation error, but with a very nigh i3gree 
(RI > 0.99) from external events Ajg, Ajg. Therefore, the present state of the reactor 
safety system can be accepted as satisfactory. The frequency of A u is 

F ( A n ) = 8.35xlO-5 a"1 

4.7 Aj2 - Direct Gamma Exposure from Other Sources (Figure IO) 
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EXPLANATION TO FIGURE 10 

Ej^ failure of the reactor hall area monitoring system 
109 inadeqaat storage of radioactive sources (human error) 
110 access to restricted areas (human error) 
111 inadequat shielding of the beam tubes (human error) 
112 opening of the door of the thermal column 't power level more than 0.025 \V 

(human error) 
113 failure of the thermal column door interlock 

4.8 Aj3 - Release of Activity from Experiments (Figure 11) 

\z 
r^ 

114 115 

SA 
^ 

0 0 0 0 

EXPL NATION TO FIGURE II 

114 release of activity products from in-core experiments 
115 release of fission products from in-core experiments 
116 failure of a sample container due to mechanical inadequacy 
117 chemical reactions (exothermic, explosion) in the sample resulting in failure of 

sample container 

Because of lack of data a quantification of this fault tree was not performed. 
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4.9 A j 4 - Release of Ion-Exchange Resin (Figures 12, 13) 

FIGURE 12: Schematic diagram of the purification system 
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FIGURE 13: Release of ion exchange resin 
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EXPLANATION TO FIGURE 13 

118 damage of the ion exchange column 
119 valve V13 erroneously open (human error) 
120 purification circuit leakage down flow from ion exchange column 
121 pump PI pumps resin into the reactor tank 
122 pipe break in the purification circuit 
123 pump PI pumps properly 
41 seismic event; EXTERNAL EVENT 

124 valve V9 duly open 
125 valve V8 duly open 
126 filter F3 not installed (human error) 
127 filter F3 damaged 
128 valve V7 duly open 
129 conductivity meter out of order 
130 operator does not observe conductivity meter (human error) 
131 filter F2 not installed 
132 filter F2 damaged 
133 valve V6 duly open 
134 strainer in the ion exchanger becomes leaky 
135 failure in detection when controlling the ion exchanger 
136 components of the purification circuit in normal operation mode (except filters) 

allowing resin to be pumped into the tank 

Top event Aj4 was not quantified, due to lack of data and because the contribution 
of Ai4 to top event Aj is very small and can be neglected in case of a low power 
research reactor. 

4.10 Ajg - Loss of Primary Coolant from Reactor Tank (Figure 14) 

EXPLANATION TO FIGURE 14 

Ajg loss of primary coolant due to defects in the reactor tank 
A ig loss of primary coolant through failures of beam tubes or thermal column 
39 explosion (sabotage); EXTERNAL EVENT 
40 aircrash; EXTERNAL EVENT 
41 seismic event; EXTERNAL EVENT 

111 beam tube doors not closed due to experiments 
137 mechanical damage 
138 damage due to beam tube installation (i.e. collimator loading) 
139 damage of beam tubes due to external events 
108 parts of the reactor building crash into the tank and damage the core (Debris 

falls into reactor tank and damage beam tubes) 
147 heavy object falls accidently into reactor tank (i.e. fuel transfer cask) 
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FIGURE 14: Loss of primary coolant from reactor tank 
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ŷ  cs 
138 

k 39)U0)(41 

( E X T ) 

,39)(40)(41 

( E X T ) 

The frequency of top event A 1 6 was calculated to 

F(A 1 6) » 1.55xl0"5 a - 1 
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4.11 A , 7 - Loss of Primary Coolant by Failure of Primary Circuit Components Oth 
than Tank (Figures 15, 16) 

er 

FIGURE 15: Schematic diagram of the primary coolant circuit 
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FIGURE 16: Loss of primary coolant bj failure of primary circuit components other 
than tank 

© © © (J 

EXPLANATION TO FIGURE 16 

140 break of 100 mm primary circuit pipe 
141 break of a valve including fitting 
142 break of filter housing 
143 valve V6 in the primary cicuit erroneously open 
144 break or leakage of pump P 
145 break or leaxage of heat exchanger V/T (including leakage from primary to 

secondary side) 
146 break of instrument fitting 
148 leakage of a valve 

The frequency of top event Aj^ was calculated to 

F(A 1 7 ) = 3.34xl0 - 2 a - 1 

5. QUANTITATIVE RESULTS 

5.1 Frequencies and Consequencies of Relevant Failure Events 

Although more than 50 TRIGA reactors are in operation worldwide and they have 
several common properties such as U-Zr-H fuel, design of the control system, tank 
construction etc., it would be expected that appropriate data on failure rates of 
important components exist. However, during this study it was found that component 
failures are poorly documented, not accessible and no centralized data collection has 
ever been esfablished. Therefore, the present study relies on data collected during 26 
years of operation of the TRIGA reactor Vienna and on some data obtained through 
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personal communication from other stations. This makes this study very specific for 
the Vienna TRIGA reactor but, as a model, it could enhance similar studies at other 
stations. In order to give the obtained results a rating, all individual fault trees which 
have relevant consequences to the top event Aj ("radiation exposure of persons") were 
classified in three major "consequence categories" listed below. 

a) Low consequence: releases with very low or no consequence for facility staff or 
public which includes 
109.EJJ (= inadequate storage of radioactive sources together with failure of hall 

area monitoring system) 
IIO.EJJ (= access to restricted areas together with failure of hall area monitoring 

system) 
A iß (= loss of primary coolant from reactor tank) 

b) Medium consequence: release with low consequences on facility staff and no effect 
to public which includes 
24 (= release ot fission products from core) 
25 (= release of fission products from fuel storage racks) 
26 (= damage of the stored fuel elements by mechanical causes) 
27 (= damage of the stored fuel elements by chemical causes) 

c) High consequence: release with consequences for facility staff and possible exposure 
of public. In fact, event 22 (= release of fission product during transport - see 
fault tree A 7) leads together with A4 (= fault in the ventilation system of the 
reactor building) to a possible exposure of public. Other pathways are Aj] (= direct 
gamma exposure from reactor pool) or 112.113.Ej^ (= failure of the reactor hal! 
area monitoring system together with failure of the thermal column door interlock 
and opening of this door at power levels greater 0.025 W). 

The computer code SAMPLE /20/ calculated frequency distributions for these three 
categories by combining the median values and the corresponding error factors of the 
individual failure events with the Boolean equations for LOW, MEDIUM, HIGH. The 
frequency value for ^-L ("radiation exposure of public) was calculated by quantifying 
the relation 

F(A2) *= P(A4)-F(A,0) 

In summary, the following values for the three consequence categories using the 
SAMPLE code were obtained for the Vienna TRIGA reactor: 
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frequency consequences 

fa" 1 low medium high not appl. 

A 7 release of fission product from fuel 
elemenfs 

event 24: from core 
event 25: from storage rack in tank 
event 26: from storage pits 

mechanical causes) 
event 22: during transport 
event 27: from storage pits (chemical 

causes) 

1.8xl0"4 

5.3xl0"5 

4.9x10" 
5.6x10 -7 

3.3x10 -8 

x 

x 

x 
X 

-7 

Ag disturbances in reactivity < lxl0~ y x 

AJQ fault of fuel element transfer cask -5.6x10 

AJJ direct gamma exposure from reactor 
pool -8.3x10" 

Aj2 direct gamma exposure from other 
sources .10" 4-10" 6 x 

A u release of activity from experiments not quantified 

Aj4 release of ion exchange resin not quantified 

Ajg loss of primary coolant from reactor 
tank 

Aj7 loss of primary coolant by failure of 
primary circuit components other than 
tank 

A 4 fault in ventilation system (under
pressure, filtering), see footnote below 

^ x l O ' ^ x 

-3.3xl0" 2 x 

-0.4 d"1 (-85% HE!) 

lack of data 

lack of data 
neglig. effect 

d" = per demand 
HE = human error 



The high impact of human error (HE) of 85% results from the special construction of 
the ventilation system of the TRIGA reactor Vienna (see fig. 2). There are one air 
inlet and two air outlet blowers, the latter can operate in normal and emergency 
mode. Until this study was carried out, all functions were switched manually without 
interlocks. In this ca^ several combinations were possible leading to an overpressuriza-
tion of the reactor building. This must be avoided according to the reactor operation 
license. Therefore, a number of interlocks were provided to prevent any overpressuri-
zation of the reactor building and to reduce the possibility of human error. 

From these values SAMPLE determined a frequency distribution by Monte Carlo 
simulation nown in Figure 18. 
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5.2 Interpretation of Results 

In spite of generally very conservative assumptions it ha: heen demonstrated that the 
TRIGA reactor Vienna fulfills the generally accepted safety criteria for a research 
reactor to a high degree. The calculated off-site exposure probability being approxi
mately 1x10" a" 1 justifies this optimistic assessment. The calculated frequencies for 
on-site exposure range between 10"4 to 10" 3 a" 1. When taking these values into 
account it hs always to be kept in mind that "exposure" is defined here as an 
exposure exceeding the international accepted ICRP values of 5 rem/a whole body dose 
for occupational staff and 0.167 rem/a for public. Any other limit would be 
unjustified and may lead to undesired speculations. 

5.3 Examples of Accidents Involving Radiation Release 

5.3.1 Failure of a single fuel element in the reactor tank 

To analyze this accident and its radiological consequences to persons, it is assumed that 
the fuel element with the highest power density (2.6% of total power) fails after a 
continuous operation of four years at nominal power (250 kW). This is ^qual to 
1 MWy of power production. Under these assumptions the inventory of volatile fission 
products accumulated in the fuel has been calculated and a breakdown is listed in 
Table 2 below. 

The release of fission products from U-Zr-H fuel has been investigated as a function 
of fuel temperature /18/ by General Atomic and it was found that in the temperature 
region below 400 °C the release is controlled by fission product recoil processes. This 
means that only fission fragments produced in a thin surface layer of fuel may be 
released because of the high energy of the fission process. The amount of released 
fission products is proportional to the surface of the fuel. Starting at about 400 °C 
this recoil release is more and more covered by a temperature dependent diffusion 
process of fission products from the inside of the fuel material. 

As in the TRIGA reactor Vienna the maximum fuel element temperature reaches only 
360 °C during a 250 MW transient, only about 1.5xl0"3% of the volatile fission 
product inventory is released to the gap between fuel meat and cladding. Further, it 
was assumed that the fuel element with the highest power density (2.6%) releases 100% 
of the noble gases and 50% of the halogenes. For the calculation of ti.s radiological 
consequences some more assumptions have to be made. 
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TABLE 2: Inventory of volatile fission products after a power production of 1 MWy 

/5 / 

Nuclide Activity [Ci 

Br-83 1 020 
Kr-83m 1 020 
Br-84 2 060 

Br-85 2 150 

Kr-85m 2 150 

Kr-85 113 

Kr-87 5 400 

Kr-88 7 700 

Kr-89 9 750 

Kr-90 10 850 

Kr-91 7 350 

J-131 5 950 

Xe-131m 48 

J-132 8 850 

J-133 14 350 

Xe-133m 350 

Xe-133 14 350 

J-134 16 100 

J-135 13 400 

Xe-135m 4 050 

Xe-135 13 850 

J-136 12 950 

Xe-137 12 550 

Xe-138 11 700 

Xe-139 11 800 

Xe-140 8 100 
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1. 100% of the released noble gases are released through the ventilation system to the 
environment. 

2. 10% of the released halogens are in organic form and are released from the tank 
water. 

3. Only 1% of the non-organic halogens are released from the tank water into the 
reactor hall. 

4. There is no fission product deposition. 
5. The hall ventilation system continues normal operation (contrary to emergency 

procedures). 

The release factor for noble gases to the environment is therefore 

f N G = 1.5xlO-5 x 1.0 x 2.6xl0" 2 = 3.9xl0"7 

and for halogens 

fH = I.5xI0~5 x 0.5 x (0,1x1.0+0.9x0.01) x 2.6xl0"2 = 3.1xl0"8 

With these release fractions and the data contained in Table 2 an atmospheric 
dispersion program /19/ developed at the Atominstitut was fed and various pathways 
to personal exposure as a function of distance were calculated. For the meteorological 
data stable weather conditions (class F) with wind speed of 1 m/s, release duration of 
3 hours and release height of 15 m were assumed. Due to short half Iifes of some 
nuclides only the following nuclides were considered 

Kr-85, 85m, 87, 88 

1-131, 132, 133, 134, 135 

Xe-133, 135 

It was found that the total dose (immission + inhalation + ground contamination) 
within 24 hours after the incident is about 6.7x10 rem in distances between 100 to 
200 m of the reactor building in main wind direction (see Fig. 19). This dose is very 
low compared to the ICRP limit of 167 mrem/year for public. 
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FIGURE 19: Whole body dose through different pathways as a function of distance 
from the reactor 
Assumption: Failure of one single fuel element in the reactor tank 
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In the reactor building the following activity concentrations were calculated assuming 
no ventilation and no leakage of the reactor hall 

noble gases 6.1x10 Ci/cm 3 

halogens 2.1xl(T 1 3 Ci/cm 3 (1-131 equivalent) 

According to radiation protection limits for Austria the maximum permissible concen
tration (168-hours lue) is 

1-131 lxlO" 1 3 Ci/cm 3 

Kr-85 3 x l 0 - 1 2 Ci/cm3 

Xe-131m 4xl0" 1 2 Ci/cm3 

Comparing these values it can be seen that the activity concentration inside the reactor 
hall is in the range of the maximum permissible values for the institute's staff and 
preventive measures such as controlled ventilation or access restrictions have to be 
taken. 

5.3.2 Loss of coolant accident 

The probability of the loss of primary coolant was calculated in chapters 4.9 and 4.10. 
In the present chapter the radiological consequences of such an accident are 
investigated. With the low power density of the fuel elements in the Vienna TRIGA 
(6.5 kW for the element with the highest power density) the maximum fuel 
temperature upon loss of coolant is 275 °C. Therefore, there is no temperature 
induced fission product diffusion and no melting of the fuel or the cladding. 

According to /4,5/ the dose rate of out the empty reactor tank as a function of time 
after the LOCA is listed below. 

time after 
LOCA 

10 s 
I day 
1 week 
1 month 

direct radiation level above 
empty tank in [R.h" 1] 

2.5xl03 

3xl0 2 

1.3x10^ 
3.5x10' 

scattered radiation at reactor 
hall floor level [R.h" 1] 

0.65 
0.075 
0.035 
0.01 
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Therefore, in case of a LOCA the direct radiation beam must be avoided, the control 
room and the reactor hall area is accessible for a limited time several hours after the 
accident. The public will not be affected in this case as the direct beam is collimated 
upwards towards the roof the building, the scattered radiation is even lower as inside 
the reac.or building and the institute's compound is not accessible for public without 
permission. 

5.3.3 External events 

External events on the TRIGA reactor Vienna have been analyzed on the basis of the 
complete destruction of the reactor building and of the fuel elements. This means that 
the volatile fission products are released immediately to the environment without delay 
by the cooling water or the ventilation system. In Tabic 2 it was shown that the total 
fission product inventory after 1 MW-year is about 2x1 (r Ci. If only volatile nuclides 
with a half life above 0.5 hours are considered the inventory is reduced to 1x10^ Ci. 
For the accident analysis it is assumed that 100% of the noble gases and 1.5x10"% of 
the halogens are released. The noble gases account mostly for the gamma-submersion 
dose while the halogens are responsible for the thyroid dose. For the atmospheric 
dispersion model the following assumptions were made: 

stable weather conditions (stability class F) 
wind speed 1 m/s 
release duration 3 hours 
release height 0.5 m 

The following nuclides were considered for this analysis: 
Kr-83m, 85, 85m, 87, 88 
1-131, 132, 133, 134, 135 
Xe-131m, 133, u3m, 135, 135m, 138 

The release factois are 

fH = 1.5xlO"5 

With these factors and data the atmospheric dispersion program /19/ calculated the 
following results: 

The total dose (immission + inhalation + gamma contamination) within 24 hours after 
the accident is about 2.7xl0 _ 1 rem in distances between 100 to 200 m to the reactor 
building in the main wind direction. The dose decreases below lxlO"1 rem at the 
distance of the nearest appartement houses (see Fig. 20). It is evident that the 
radiation levels will be much higher at the destruction site, but it is almost impossible 
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FIGURE 20: Whole body dose through different pathways as a function of distance 

from the reactor 

Assumption: Complete destruction of the reactor building, the shielding 
construction and all fuel elements 
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to calculate doses or dose rates as they depend on the particular arrangement of 
debris. One important fact is that no fuel melting will occur due to the fuel power 
density. 

6. SUMMARY 

In the present report a probabilistic safety assessment of the TRIGA reactor Vienna 
was performed investigating different pathways of radioactivity release to the environ
ment. As top event a radiation exposure of persons (staff, public) was defined. A 
master logic diagram was developed and individual fault trees which may lead 
eventually to radiation exposure were established. Many of fault trees are facility 
related depending on the design of systems such as primary coolant or ventilation 
system. Generally, it was found that there is a great lack of relevant data which could 
be improved by better information exchange among the TRIGA community, with 
assistance or coordination of General Atomics, the TRIGA manufacturer. A proposed 
system to improve data acquisition consists of a system and component list and of an 
event record questionnaire which are all shown in Appendix 2. In chapter 5 three 
types of accidents with activity release or potential radiation exposure have been 
analyzed using facility related data to illustrate the consequences of such accidents 
analyzed in chapter 4. 
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APPENDIX 1 

Technical Details of the TRIGA Reactor Vienna 



THE TRIGA MARK-II REACTOR 

OF THE ATOMINSTITUT DER OSTERREICHISCHEN 

UNIVERSITÄTEN. VIENNA. AUSTRIA 

January 1, 1988 

The TRIGA Mark-II reactor was installed by General Atomic 
(San Diego, California, U.S.A.) in the years 1959 through 1962, 
and went critical for the first time on march 7, 1962. Operation 
of the reactor since that time has averaged 220 days per year, 
without any long outages. The TRIGA-reactor is purely a 
research reactor of the swimming-pool type that is used for 
training, research and isotope production (Training, Research, 
jsotope Production, General Atomic = TRIGA), Throughout the 
world there are more than 50 TRIGA-reactors in operation, 
Europe alone accounting for 10 of them. 

The TRIGA-reactor Vienna has a maximum continuous power 
output of 250 kW (thermal). The heat produced is released into a 
channel of the river Danube via a primary coolant circuit 
(deionized, distilled water at temperatures between 20 and 40 °C) 
and a secondary coolant circuit (ground water at temperatures 
between 12 and 18 °C), the two circuits being separated by a 
heat exchanger. 

The reactor core consists of some 70 fuel elements (3.75 cm in 
diameter and 72.24 cm in length), which are arranged in an 
annular lattice (Figs. 1 to 3). Two fuel elements have 
thermocouples implemented (Fig. 4) in the fuel meat which allow 
to measure the fuel temperature during reactor operation. At 
nominal power (250 kW), the center fuel temperature is about 
200 °C. Because of the low reactor power level, the burn-up of 
the fuel is very small and most of the fuel elements loaded into 
the core in 1962 are still there. Should these fuel elements ever 
become unserviceable, they will be sent back to the United 
States. 



Inside the fuel element cladding (aluminum or steel), the fuel is in 
the form of a uniform mixture of 8 wt% uranium, 1 wt% 
hydrogen and 91 wt% zirconium, the zirconium-hydride, being the 
main moderator. Since the moderator has the special property of 
moderating less efficiently at high temperatures, the 
TRIGA-reactor Vienna can also be operated in a pulsed mode 
(with a rapid power rise to 250 MW for roughly 40 milliseconds). 
The power rise is accompanied by an increase in the maximum 
neutron flux density from 1x10*3 e r n e s ' 1 (at 250 kW) to 
l x l O 1 6 c m - 1 (at 250 MW). This negative temperature coefficient 
of reactivity, as it is called, brings the power level back to 
approximately 250 kW after the excursion, the maximal pulse rate 
is 12 per hour, since the temperature of the fuel elements rises to 
about 360 °C during the pulse and, therefore, the fuel is 
subjected to streng thermal stress. 

The reactor is controlled by three control rods which contain 
boron carbide as absorber material. When these rods are fully 
inserted into the reactor core, the neutrons continuously emitted 
from a start-up source (Sb-Be photoneutron source) are 
absorbed by the rods and the reactor remains sub-critical. If the 
absorber rods are withdrawn from the core (two of them by an 
electric motor and one pneumatically, Figs. 5 and 6), the number 
of fissions in the core and the power level increases. The start-up 
process takes roughly one minute for the reactor to reach a 
power level of 250 kW from the sub-critical state. The reactor 
can be shut-down either manually or automatically by the safety 
system. It takes about 1/10 of a second for the control rods to 
fall into the core. 

The power level of the reactor is monitored by four neutron 
channels (Figs. 7 and 8). 

(A) The start-up channel allows to measure the neutron flux 
density from the source level (approximately 1/1000 W) up to 
8 W, a fission chamber being used as the detector, This 
channel is intended for monitoring the reactor power at low 
power levels. 



(B) The linear channel (power channel 1): The reactor power 
level is plotted linearly by a recorder between the source level 
and the peak power of 250 kW; the full range is divided into 
subsections by a range selector, the linear channel is fed by a 
compensated ionization chamber. 

(C) The logarithmic channel likewise receives its signals from a 
compensated ionization chamber. In this case, the range from 
0 to 250 kW is recorded without a range switch (logarithmic 
reading). This channel also produces the period signal which 
is a measure of the rate of change in the power level. 

(D) In addition, the TRIGA Mark-ll reactor has a percentage 
power channel (power channel 2), which operates between 
about 10 kW and 250 kW. In this case, an uncompensated 
ionization chamber is used. 

During pulse operation, only the power channel 2 is used; this 
channel is switched to a suitable type of recorder for recording 
the pulse. 

In accordance with its purpose as a research reactor, the TRIGA 
Mark-ll is equipped with a number of irradiation devices (Figs. 9 
and 10): 

5 reflector irradiation tubes 
1 central irradiation tube 
1 pneumatic transfer system (transfer time 3 s) 
1 fast pneumatic transfer system (transfer time 20 ms) 
4 neutron beam holes 
1 thermal column 
1 neutron radiography facility 

In the reflector irradiation tubes 10 containers can be irradiated 
simultaneously. In the central irradiation tube samples up to 
38.4 mm in diameter can be exposed to neutrons at a neutron 
flux density of cm~*s~l, while the pneumatic transfer 
system allows to transfer the materials to be activated into the 
reactor from a chemistry laboratory and back again after the 
required period of irradiation, without the experimentalist having 
to leave his working place. The four neutron beam tubes permit 



extraction of neutron beams of all energies into the reactor hait 
for the purpose of neutron and solid-state physics experiments. 
The thermal column is used to extract with a thermal spectrum 
into the reactor hall, unlike the beam holes, the space between 
the reactor core and the hall is in this case filled with graphite to 
slow down the neutrons. 

The neutron radiography facility is used to investigate 
components by neutron irradiation similar to X-ray radiography. 
However, neutrons show especially hydrogen or neutron absorber 
material in solid matter. 

TECHNICAL DATA 

1. REACTOR CORE 

fuel-moderator material 

uranium enrichment 
fuel element dimensions 

cladding 

active core volume 

core loading 

8 wt% uranium 
91 wt% zirconium 
1 wt% hydrogen 
20% uranium-235 
3.75 cm in diameter 
72.24 cm in length 
0.76 mm aluminum or 
0.51 mm steel 
max. 49.5 cm in dia
meter, 35.56 cm high 
2.3 kg of uranium-235 

2. REFLECTOR 

material 

radial thickness 
top and bottom thickness 

graphite with alumi
num cladding 
30.5 cm 
10.2 cm 



3. CONSTRUCTION 

reactor mounting heavy and standard 
concrete 
6.55 m high 
6.19 m wide 
8.76 m long 

reactor tank 1.98 m in diameter 
6.40 m in depth 

4. SHIELDING 

radial: 30.5 cm of graphite; 45.7 cm of water and at least 
206 cm of heavy concrete 

vertical: above the core 4.90 m of water and 10.2 cm of 
graphite; underneath the core 61.0 cm of water, 
10.2 cm of graphite and at least 91 cm of standard 
concrete. 

5. IRRADIATION DEVICES 

(1) four beam holes 15.2 cm in diameter 
(2) one central irradiation tube (middle of core) 
(3) five reflector irradiation tubes 
(4) one pneumatic transfer system (near core edge) 
(5) a thermal column with cross section 1.22x1.22 m and 

length 1.68 m 
(6) experimental tank with surface area 2.44x2.74 m and depth 

3.66 m; connected to the reactor by means of a neutron 
radiography collimator 0.61x0.61 m in cross section and 
1.22 m long. 



6. CONTROL SYSTEM 

- Two boron carbide control rods with electric motor and rack 
and pinion drive (Fig. 5); 

- one boron carbide pulse rod with compressed air drive (5 
bars; Fig. 6); 

- maximum reactivity Insertion rate - time rate of change 
(excluding pulse operation): 0.04% 6k/k per second 

- total rod worth about 4.8% ek/k. 

7. CHARACTERISTICS IN CONTINUOUS OPERATION 

thermal power output: 250 kW 
fuel element cooling: natural convection of the tank water 

below 100 kW, pump circulation cooling above 100 kW 
tank water cooling: heat exchanger 
thermal flux: 1x10*3 cm'^s"^ in the central irradiation tube 

1 .7x l0 1 2 cm~2s~l in the irradiation tubes 
prompt temperature coefficient: -1.2xl0" 4 sk/k°C 
mean prompt neutron lifetime: 6.0x10"^ s. 

8. CHARACTERISTICS IN TRANSIENT OPERATION 

peak power 250 MW 
prompt pulse energy yield 10 MW s 
prompt pulse lifetime 40 ms 
total energy yield 16 K,W s 
minimal period 10 ms 
maximum reactivity insertion 1.6% sk/k = 2$ 
maximum repetition frequency 12/h 
number of fissions during a pulse 3 x l 0 1 7 

maximum fuel temperature: 
during the pulse 240 °C 
9 seconds after the pulse 360 °C 



9. BRIEF STATISTICAL DATA 

power produced (MWh) 
irradiation experiments 
beam hole experiments 
number of reactor pulses 
number of visitors 

1985 1986 1987 
152 303 283 
109 103 122 

9 2 5 
7 5 60 

1517 2786 2633 
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751.8 mm 

TOP END FITTING 

STAINLESS 
STEEL TUBE 

0,5 mm 

37,3 mm 

BOTTOM END FITTING 

FITTING FOR FUEL 
HANDUNG TOOL 

GRAPHITE REFLECTOR 

URANIUM 8 wt% + 
ZIRCONIUM 91 wt% + 
HYDROGEN 1 wt% 

X 381 mm 

GRAPHITE REFLECTOR 

93,9 mm 
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Crr< 

RR - Reg. rod (E21) 

SR - Shim rod (C3) 

TR - Transient rod (DIO) 

PTS - Pneumatic transfer „ , 
system F i g . 3 : Core map 

CT - Central thimble (Al) 

L - Fuel storage racks 

Neutron source 

» J Fuel element 

^ B Control rod 

Graphite element 
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Fig. A . TR.IGA ins t rumented fuel element 



TOOTHED RACK 

LIMIT SWITCH 
ROD DOWN 

MOTOR COVER 

BEARING 

EXTENSION ROD FOR. 
LOWER LIMIT SWITCH 
ROD DOWN 

MAGNETIC WIRE CONDUIT 

LIMIT SWITCH 
MAGNET UP 

POTENTIOMETER COVER 
PINION 

CABLE TO ELECTROMAGNET 

ELECTROMAGNET 

COUNTER PLATE 

CONNECTION TO CONTROL ROD 

FIG. 5. ROD DRIVE MECHANISM FOR REGULATING 
AND SHIM ROD 



SHOCK ABSORBER 

VENT HOLES 

BEARINGS 

EXTERNAUY THREADED 
CYLINDER 

SUPPORT 

BOTTOM LIMIT -

CONNECTION TO CONTROL ROD 

FIG. 6. SCHEMATIC DIAGRAM OF TRANSIENT-ROD DRIVE 
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<D 
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<D 
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Fig. 7: Block diagram of instrumentation and scram system 
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11 water level very low 
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F i g . 3 : : D i s t r i b u t i o n of i n s t r u m e n t s a t t h e r e a c t o r c o n t r o l d e s k 



FZ 

/ 
/ 

JV/A 
- REACTOR PLATFORM 

V. 

y/A NORMAL CONCRETE 

STAINLESS STEEL TANK 

IMS-
ALUMINIUM TANK 

YA 

'.- ALUMINIUM t, 4/y. J % ALUMINIUM %^ 

S' . -<S?^ 
•IS 

HEAVY CONCRETE 

HEAVY CONCRETE DOOR 
(aoveable on rails) 

E53 
THERMAL COLUMN RADIATION SHIELD 

F i g . 9 : V E R T I C A L C R O S S S E C T I O N 



RADIAL BEAM TUBE (B) 
(Pulsed rield Keutron Diffractoaeter) 

RADIAL BEAM TUBE (C) 
(Neutron Interferoaeter, Small 
Angle Scattering) 

NORMAL CONCRETE 
• v v \ HEAVY CONCRETE 

RADIAL BEAM TUBE (A) 
(Fast Pneumatic Transfer System) 

(Neutron Depolarization, Low 
Temperature physics) 
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APPENDIX 2 

Proposal for System and Component Classification and Event 

Record Questionnaire 



Reactor Safety and Control System 
Shin rod 
Reg. rod 
Transient rod 
Start-up channel 
Lin. channel 
Log./Period channel 
%Power channel or safety channel 
N-16 channel 
Temperature channels 

Fuel 
Water 

Fission chamber 
Compensated chamber 
Uncompensated chamber 
Recorder 
Range switch 
HV supply 
Rod Position indicator 
Automatic Power Control 
Water level 
Spurious scrans 
Others 

Reactor Core & Fuel 
Fuel elements 
Mechan.comp. 
Fuel handling tool 
Storage racks 
Spent fuel stor. 
Fresh fuel stor. 

Confinement and Ventilation 
Ventilation system 
Ventilation system 
Emergency ventilation 
Filters 
Beam t''be ventilation 
Blowers 
Motors 
Conduits 

Electrical and Emergency Supply 
System 
Circuit breakers 
Fuses 
Connectors 
Cables 
Grid failures 



Radiation Protection System 
Area monitors 
Aerosol monitor 
Off-gas monitor 
Prim, water activ. 
Second, water activ. 
Superious alarm 

Secondary Coolant Circuit 
Piping 
Pumps 
Motor operated valves 
Manual operated valves 
Filters 
Flowmeter 
Temperature sensor 
Pressure sensor 
Conductivity sensor 
Cooling tower 
Circuit breaker 
Others 

Radioactive Waste Treatment System 
Tanks 
Pumps 
Piping 
Motors 
Sump 
Valves 
Others 
other Systems not covered above 

Primary Coolant Circuit 
Piping 
Pumps 
Motor operated valves 
Manual operated valves 
Filters 
Flowmeter 
Temperature sensor 
Level sensor 
Pressure sensor 
Conductivity sensor 
pH meter 
Heat exchanger 
Circuit breakers 
Others 

Purification Circuit 
Pump 
Piping 
Valves 
Filters 
Ion exchange column 
Flowmeter 
Temperature sensor 
Pressure sensor 
Conductivity sensor 
Others 

Experimental Facilities 
Central thimble 
Rotary spec.rack or equivalent 
Thermal column 
Beam tubes 
Pneumatic transf.system 
Tank 



Date: 
Time: 

EVENT RECORD 

Facility: 

Reactor power level at event: 

System: Reactor Safety & Control System 
Reactor Core & Fuel 
Confinement t Ventilation System 
Electrical & Emergency Supply System 
Radiation Protection System 
Primary Coolant Circuit 
Secondary Coolant Circuit 
Purification Circuit 
Radioactive Haste Treatment System 
Experiment«1 Facilities 
Others 

Hain Component: 
Sub-component: 

Model type: 
Manufacturer: 
Date of first installation: 
Frequency of inspection: 
Last inspection date: 
Average number of demands per year: . 

Failure mode: 
stand-by systems; - fails to start on demand () 

- false start (e.g.spurious trip) () 
continuously operating system: 

- fails to run (pump,circulate ...) () 
- fails to stop (trip, close ...) () 

both system types:- fails to operate as specified 
(e.g. shift in calibration, leakage ...) () 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



Type of failure: Mechanical 
Electrical or electronical 
Chemical 
Human Error 
Calibration failure 
Common mode 
Others (like maintenance, wear) 

Failure detection during 
routine operation 

on demand 
self-annunciating 

6hut down 
inspection t service 
others 

Any preset alarm level triggered: yes () no () 

if yes alarm level setting 
maximum alarm level reached 

Consequences: Reactor shut down 
Activity release 
Radiation exposure 
Contamination 
Chemical hazard 
Fire 

0 
0 
0 
0 
0 
0 

Others (like temporary loss of redundancy) (), 

Environmental conditions at failed component: 
Normal value Event value 

Temperature °C °C 
re1.Humidity * \ 

Radiation Gy Gy 
Others 



Failure reason: 

Repair tine: .... 

Average systen operation tine: 

Average systen stand-by tine: 

Average systen outage tine: 

I outage tine 
unavailability |= 

I outage tine + 

Average failure frequency: .... 

Suggestion for inprovenent: ... 

nan-hours 

h 

h 

h 

1 
| X IOC ... I 

(operation + stand-by tine)J 

/year 

t 
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